Abstract: Amorphous nanoparticles have attracted a large amount of interest due to their superior catalytic activity and unique selectivity. The Ni-B amorphous nanoparticles were synthesized from aqueous reduction of NiSO 4 by sodium borohydride in microscale interface at room temperature. The size, morphology, elemental compositions, and the chemical composition on the surface of Ni-B amorphous nanoparticles were characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). All the results showed that the synthesized particles are Ni-B amorphous nanoparticles with uniform in size distribution and having good dispersion. The mean particle diameter of Ni-B amorphous nanoparticles was around 9 nm. The present work provides an alternative synthesis route for the Ni-B amorphous nanoparticles.
Introduction
Amorphous nanoparticles exhibit superior catalytic activity and unique selectivity due to the characteristics of shortrange order of atoms cluster and long-range order structure, inspiring great research on the size and shape control of their nanostructures [1] [2] [3] [4] . Among the amorphous nanoparticles, Ni-B amorphous nanoparticle is also playing a more and more important role in many fields, such as corrosionresistant materials and electrodes materials, especially, outstanding catalysts in many hydrogenation, dehydrogenation, and hydrodechlorination process for better catalytic activity and selectivity [5] [6] [7] [8] . Liu et al. reported electroless preparation and characterization of Ni-B nanoparticles supported on multi-walled carbon nanotubes and their catalytic activity toward hydrogenation of styrene [8] ; Zheng et al. studied nano Ni-B amorphous powder microelectrode and electroless Ni-B amorphous microdisk electrode [9] ; Li et al. reported ultrasound-assisted preparation of a novel Ni-B amorphous catalyst in uniform nanoparticles for p-chloronitrobenzene hydrogenation [10] . Numerous physical and chemical methods have been used to produce Ni-B amorphous nanoparticles, such as ball milling, electrodeposition, thermal plasma, polyol process, chemical vapor deposition, and chemical reduction in aqueous solution [1, [10] [11] [12] . Among these methods, aqueous reduction method is most widely employed because of its advantages such as simple operation, high yield and quality, and limited equipment requirements [1, 2] . However, these methods lack precise control of mixing, nucleation, and growth processes, and thus resulting in a larger variation in the final particle size, size distribution, crystal structure, and aggregating prevention, etc. Sufficient mixing and rapid mass transfer can significantly improve these parameters, which in turn control both the physical and chemical properties of nanoparticles.
In recent years, microstructured reactors have attracted increasing interest resulting from their high heat and mass transfer rates over batch reactors, and easy control of experimental conditions such as pressure, temperature, residence time, and flow rate [13] . The key advantages are diffusive exchange of heat and mass in the small distances. These features have expanded the use of microreactors for improving reaction efficiency in controlling the synthesis and the arrangement of the nanomaterials [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In particular, continuous synthesis is believed to be one of the most promising advantages of microreactor technology as they are more productive with improved homogeneity of reaction solutions leading to a more uniform product [14] . However, to our best knowledge, there are still no literature reports regarding the preparation of Ni-B amorphous nanoparticles by microreactor.
In this short communication, the Ni-B amorphous nanoparticles were prepared from NiSO 4 by the aqueous reduction method using NaBH 4 as reducing agent in the continuous flow microreactor. The size, morphology, elemental compositions, and the chemical composition on the surface of Ni-B amorphous nanoparticles were characterized by transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).
Experimental Materials
Nickel (II) sulfate hexahydrate (NiSO 4 ·6H 2 O, purity ! 99%), sodium borohydride (NaBH 4 , purity ! 99%), polyvinylpyrrolidone (PVP, average mol. wt 360,000), ammonium hydroxide solution (NH 3 ·H 2 O, 28.0-30.0%), and sodium hydroxide (NaOH, 99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Synthesis of Ni-B amorphous nanoparticles
Prior to carrying out the experiments, 0.1 M NiSO 4 solution and 0.5 M NaBH 4 solution were prepared, and Argon was bubbled through both the solutions for 30 min. A certain amount (2~3 mL) of ammonium hydroxide solution was added to the NiSO 4 solution as complexant. A 3.0 g/L of PVP was added into the NiSO 4 complex solution as a dispersant. Then the pH value of NaBH 4 solution was adjusted to 10-12 using NaOH solution.
The microfluidic experiments which used for the preparation of Ni-B amorphous nanoparticles were performed in a counter-current flow interdigital micromixer (stainless steel) with 40 µm width channels fabricated by IMM, Germany, as shown in Figure 1 . Microreactor was used to introduce two aqueous solutions flowing into mix. Then, the microfluidic synthesis was performed at room temperature (25 AE 2°C) using the following procedure. Two constant flow pumps (Yanshang Instrument Factory, China) were utilized to pump the NiSO 4 complex solution and aqueous mixture containing NaBH 4 into the microchannels, at a flow velocity in the range of 0.1~40 mL/min. The experiments were conducted with the flow rate fixed constant at 15~25 mL/min.
Material characterizations
The size and morphology of Ni-B amorphous nanoparticles were characterized using transmission electron microscopy (TEM, 2,100 F, 200 kV, JEOL). For the TEM investigations, the material was deposited by drying its suspension on a copper-grid-supported, perforated, transparent carbon foil. Sample analysis was conducted by XRD-7000S diffractometer (Shimadzu, Ltd., Kyoto, Japan) using Cu Kα radiation (λ ¼ 1.54060 Ȧ). The surface morphology of the treated Ni-B amorphous particles was obtained by using a scanning electron microscope (VEGA3 TESCAN). The surface electronic states of Ni-B amorphous nanoparticles were analyzed by X-ray photoelectron spectroscopy (XPS, PHI VersaProbe II with AES) using Al Kα radiation (excitation energy 1,486.6 eV).
Results and discussion
The surface morphological evolution
In continuous flow microscale interface, the Ni-B amorphous nanoparticles were continuously synthesized, and their diameter, morphology, and size distribution were investigated. Figure 2 shows the TEM image and the particle size distribution of Ni-B amorphous nanoparticles synthesized at the flow rate of 15 mL/min. It was shown that the Ni-B amorphous nanoparticles are spherical, having uniform particle size, and good dispersion. The mean particle diameter of Ni-B amorphous nanoparticles was estimated to be 8.63 nm, whereas their length in the range of 8-10 nm. Wen et al. prepared Ni-B amorphous alloy nanoparticles by a chemical solution alloying process at room temperature in a positive microemulsion system, and the results showed that the as-synthesized nanoparticles were amorphous at the average particle size of 5 nm with a narrow deviation [1] . Zhong et al. prepared the amorphous Ni-B nanoparticles by room temperature solid-solid reaction of the nickel chloride and potassium borohydride powders, which indicated that the Ni-B obtained was amorphous nanoparticles with an average diameter of 15-25 nm [12] . In the present work, mean particle diameter as low as 9 nm could be achieved utilizing a continuous flow microfluidic reactor. It has been well documented that the particle size can be adjusted by the reactant flow rate and molar concentration in the continuous flow microfluidic reactor [24] [25] [26] .
The surface morphology was further investigated by SEM. Figure 3 shows the SEM images of Ni-B amorphous particles synthesized in continuous flow microscale interface at the flow rate of 15 mL/min (Figure 3(A) and 3(A') ) and 25 mL/min (Figure 3(B) and 3(B') ). As can be seen from Figure 3 , there are many nanoparticles after the centrifugation and dried to form a large size aggregates. The shape of the aggregates is nearly spherical with the homogeneous size distribution. The mean diameter of Ni-B amorphous aggregates was estimated to be 0.34 µm and 0.29 µm, respectively. In addition, with an increase in the flow rate clearly results in a decrease aggregates particle diameter and with better dispersion.
X-ray diffraction (XRD) analysis
The crystal structure of Ni-B amorphous nanoparticles was identified by XRD. To assess the effect of flow rates in the microscale interface, the experiments were conducted at the flow rates of 15 mL/min and 25 mL/min. Figure 4 shows the XRD pattern of Ni-B amorphous nanoparticles synthesized by continuous flow in microfluidic reactor. It was demonstrated that all samples are present in amorphous structure with only one broad peak being around 2θ for 45°, and having no characteristic peak for other impurities in the XRD pattern.
It is important to maintain the metastable state of amorphous nanoparticles for the application of under conditions where catalytic reactions are carried out [2, 12] . The present work by microreactor was in the agreement with the results of amorphous Ni-B ultrafine nanoparticles by a low temperature mechanochemical synthesis [2] . 
XPS spectrum of Ni-B amorphous nanoparticles
In order to investigate the chemical composition on the surface of Ni-B amorphous nanoparticles, XPS spectra were recorded for Ni-B amorphous nanoparticles prepared by continuous flow in microscale interface at the flow rate of 15 mL/min ( Figure 5(A) ). As expected, the samples show a C 1s peak and O 1s peak at 284.8 and 529.6 eV, respectively. The O 1s core-level region of Ni-B amorphous nanoparticles, the presence of dominant peak at 529.6 eV, which corresponds to oxygen in metal oxides such as NiO. In addition, the XPS survey spectrum of the Ni-B amorphous particles exhibits the Ni 2p peak. And the broad Ni 2p3/2 (853.1 eV) peak has been deconvoluted into two peaks which are marked as peaks at 853.6 and 858.5 eV (Figure 5(B) ) and can be assigned to elemental Ni in Ni-B amorphous nanoparticles and oxidized Ni, respectively [2, 8, 27] . 
Conclusion
In summary, the Ni-B amorphous nanoparticles were prepared by reduction of metal salt solutions with sodium borohydride in a continuous flow microfluidic reactor at room temperature. The results show that the synthesized nanoparticles were amorphous and the mean particle diameter as low as 9 nm could be achieved. Additionally, the prepared Ni-B amorphous nanoparticles are spherical, having a good dispersion. The present work demonstrated that the microreactor can be used for the preparation of amorphous nanoparticles. 
